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We report experimental observation of periodic modulations in the energy distribution of C 1þ ions dominantly accelerated in the interaction of a 15 lm thick tape target with intense laser pulses of intensities $10 18 W/cm 2 in a defocused configuration. Moreover, the influence of laser intensity on the acceleration of low-and high-charge-state species of carbon ions is observed. Two-dimensional (2D) particle-in-cell simulations elucidate the dynamics of ionization-dependent acceleration of different species in different laser focusing conditions. By comparison, 1D simulations suggest that the modulations of C 1þ ions are due to the longitudinal recirculation dynamics of hot electrons in the target, which modulates the sheath field for acceleration of C 1þ ions. Published by AIP Publishing. https://doi.org/10.1063/1.5018596
I. INTRODUCTION
In the last few decades, laser-driven ion acceleration has been explored widely owing to its potential applications in medicine, materials processing, and high-energy physics. 1 One of the well-established and robust mechanisms for ion acceleration is target normal sheath acceleration (TNSA). 2 In this mechanism, hot electrons absorb laser energy and propagate through a target, causing the development of a strong sheath electric field (in the TV/m range) at the rear surface of the target due to charge separation. This field leads to ionization of atoms present at the rear surface, and consequently accelerates protons and other heavy ions such as carbon ions. 3 These accelerated ions exhibit unique properties, such as high brightness, short duration, and low emittance. 1 However, the typical spectrum of the ions is broadband with a sharp cutoff at the higher-energy end, rather than a mono-energetic spectral distribution, which is desirable for applications including cancer therapy. 4 Over the last decade, significant effort has been devoted to the control of the broad energy spread by tailoring laser and target parameters. [5] [6] [7] [8] [9] In addition, large modulations in the energy spectra have been reported in particular cases. [10] [11] [12] [13] [14] For instance, Clark et al. 10 observed modulations of protons and carbon ions as manifestations of a complex electron spectrum. Allen et al. 11 reported the presence of modulations in the proton spectrum due to multiple carbon ion species in the expanding plasma. Robinson et al. 12 found spectral modulations in the proton spectrum from nanometerthick targets and related these to the magnetic field generated on the rear side of the target. Recently, using high-contrast ultrashort laser pulses, regular but faint modulations in the proton spectrum were reported, which were associated with pulsing electron beams having periodicity related to the half cycle of the laser field. 13 So far, no periodic modulations have been reported in heavy-ion spectra, which requires further investigation, as it is believed to be related to some regular phenomena on a relatively long time scale in ultra-intense laser-solid interaction.
In this paper, we report periodic modulations in the spectrum of low-energy C 1þ ions by irradiating 15 lm-thick VHS (Video Home System) tape targets 15 with intense laser pulses. The data shows a significantly higher flux of low-charge-state carbon ions in the defocused configuration, which diminishes with increasing laser intensity and does not exhibit periodic oscillations in the spectra. Moreover, closer to the best focus, high-charge-state carbon ions (C 4þ ) and protons to higher energies are observed. These observations are considered as laser-intensity-dependent ionization dynamics of carbon ion species. Two-dimensional (2D) particle-in-cell (PIC) simulations also corroborate intensity-dependent acceleration of different charge states of carbon ions. In addition, 1D simulations have been performed by considering the planar a) haq.noaman@sjtu.edu.cn b) lmchen@iphy.ac.cn plasma expansion in quasi one dimension. 16 In the simulations, recirculating hot electrons have been observed on time scales longer than the incident laser pulse duration. The dynamics of the recirculating hot electrons are more likely responsible for the modulations seen on the time-integrated raw traces of C 1þ ions. These observations could be helpful in the development of a dynamic representation of the TNSA mechanism incorporating recirculation dynamics of the hot electrons. 17, 18 II. EXPERIMENTAL SETUP The experiment was carried out at the Laboratory for Laser Plasmas (LLP), Shanghai Jiao Tong University. A Ti: sapphire-based laser system was used, which can deliver p-polarized pulses of $25 fs duration and maximum energy of $5 J at 10 Hz repetition rate. In this work, the laser pulse energy was $1.5 J on the target. The contrast of the amplified spontaneous emission (ASE) to the main peak was measured to be 10 -8 at 10 ps using a scanning third-order autocorrelator (Sequoia).
19 Fig. 1 shows a schematic of the experimental setup. Laser pulses of $30 fs duration were focused to $6 lm spot (full width at half maximum, FWHM) at $54 , using an f/4 off-axis parabolic mirror (OAP), containing 25% of the energy in the FWHM. The resulting peak intensity was $5 Â 10 19 W/cm 2 . A tape-drive target system with VHS tape of thickness 15 lm was employed, which was mounted on a motorized 3D translation stage system. Such a tape-drive target system can be used for numerous laser shots at a high repetition rate without frequent opening of the target chamber. The VHS tape used is composed of magnetic iron oxide (1.5 lm) and Mylar substrate (13.5 lm), which has already been used for the generation of higher-order harmonics, 20 plasma mirrors, 21 and ion acceleration. 15 In the experiment, the laser intensity on the target was varied by moving the target in the upstream direction (toward the OAP) using the precise motorized stages with a resolution of 0.2 lm. A Thomson parabola spectrometer (TPS) was installed along the target normal direction. It consists of a magnet with an effective field strength of $0.33 T and a gap of 25 mm between the poles. Copper electrode plates with a voltage difference of $4 kV were fitted on the poles for compactness of the system. An adjustable slit 13 of width ranging from 70 to 220 lm and length 3 mm oriented along the x axis was installed at a distance of $755 mm from the target at the entrance of the TPS. The spectrometer could collect the ions emitted between angles of $4 and $93 lrad in the horizontal and vertical directions, respectively, subtending a solid angle of $1.86 Â 10 -7 sr. The energy resolution of the spectrometer was 2%-4% for the carbon ions. The ion traces were recorded using a microchannel plate (MCP) detector of diameter 40 mm equipped with a 14-bit CCD camera (Point Grey).
III. EXPERIMENTAL RESULTS
Figures 2(a)-2(f) show ion traces on the MCP detector with the laser intensity varying as the target is moved toward the OAP. The corresponding laser intensities were calculated using the focal spot sizes obtained at low energies as shown in Fig. 2 (g). As can be seen in Fig. 2(a) , at the best focus, an almost pure proton beam is observed, with significantly lower counts of carbon ions. Since the ionization potential for protons is lower and their charge-to-mass ratio is higher, these are accelerated more effectively. Also, this could screen the sheath field to accelerate the relatively heavier ions. 3 As the laser intensity is varied by moving the target, the proton energy decreases with little increase in the counts for low energy; in addition, C 4þ ions become more visible, as shown in Fig. 2(b) . A further decrease in laser intensity leads to increased visibility of low-charge-state carbon ions, since the strength of the sheath electric field required for acceleration of the higher charge states decreases, although it is still strong enough for the low-charge-state carbon ions, as shown in Fig. 2(c) . Moreover, high-charge-state carbon species disappear for target positioning at 360 lm or further away, whereas large counts for low-charge-state carbon ions are observed as shown in Figs. 2(d)-2(f) for further variations in the corresponding sheath field. Interestingly, clear spectral modulations appear in the C 1þ ions, with an obvious contrast with the background. Figure 2 (e) shows the modulations of the C 1þ ions with the most distinct contrast. Energy spectra of protons and carbon ions for the focused and defocused configurations are shown in Figs. 2(h) and 2(i), respectively. The proton spectrum shows a few dips and peaks, which can be attributed to multispecies acceleration as described in Ref. 22 ; however, no regular modulations are observed. These irregular modulations are beyond the scope of this work. The maximum energy of the protons is $7.5 MeV, as shown in Fig. 2(h) , and the energy drops to $3 MeV for the defocused configuration. The energy of the C 1þ ions is 300 keV, an order of magnitude lower than that of the protons. However, the counts for C 1þ ions are an order of magnitude higher than those for protons. The energy spectrum of C 1þ ions shows clear periodic wiggles, with the spacing between peaks becoming larger toward the higherenergy part of the spectrum, showing a chirped effect. Such peaks are not found in the proton spectrum in the entire range of intensity, no matter whether this is higher or lower.
To confirm the presence of modulations in the C 1þ ions as a physical phenomenon, precise target scans were carried out for numerous laser shots, and a modulated pattern was reproducible in the C 1þ ions similar to that shown in Figs. 2(d)-2(f). It is important to note that, as far as we know, this is the first reported observation of regular and reproducible periodic modulations in C 1þ ions.
IV. PARTICLE-IN-CELL SIMULATIONS AND DISCUSSION
Two main observations can be noted in Fig. 2 . One is the acceleration of different states of carbon ions as the laser intensity changes, and the other is the presence of prominent periodic modulations in the C 1þ ions. In order to confirm the influence of laser intensity on ionization of carbon species, for both focused and defocused configurations, we carried out 2D numerical simulations using the PIC program LAPINE, 23 which includes both ionization and collision dynamics. 24, 25 In the simulations, the laser wavelength was taken as 0.8 lm. The dimensionless maximum amplitude of the laser electric field was taken as a 0 ¼ 5 for the intensity at tight focus and a 0 ¼ 1 for the intensity in the defocused configuration. However, the beam spot radius was chosen as 5 lm in both configurations, with an incident angle of 54 . The target configuration was taken to be almost the same as that used in the experiment, with 1.5 lm iron and 13.5 lm plastic material. The iron density was 7.9 g/cm 3 , the corresponding iron atom density was n Fe ¼ 80n c (where n c is the plasma critical density), the plastic (C: H ¼ 1: 1) density was 1 g/cm 3 , and the corresponding carbon (hydrogen) density was n C ¼ 40n c (n H ¼ 40n c ). The initial charge state of iron was 4þ, while the plastic was considered to be an insulator without any free electrons. Figure 3 shows the results of the simulation of the laser intensity for the two different configurations. For a relatively tight focus, the laser intensity is higher Figs. 3(a)-3(d) ], the
FIG. 2. Raw ion traces on the MCP detector. (a)-(f) Variation of ion traces and (d)-(f) appearance of modulations on C 1þ with decreasing intensity as the target is moved before the best focus (toward the OAP). (g) Laser intensity and focal spot on the target as a function of the target position for (a)-(f). (h)-(i)
Energy spectra for protons and C 1þ ions for focus (subscript "f") and defocus (subscript "df") extracted from (a) and (e).
hot electrons produced in front of the tape will significantly ionize the remainder of the target, and the majority of the carbon is ionized to C 4þ . For a defocused beam, the effect of the laser intensity is weaker, the ionization of the target is not efficient, and therefore, only low-charge-state carbon ions can be produced, as shown in Figs. 3(e) and 3(f). In this paper, we do not intend to classify the different ionization mechanisms (field ionization or collisional ionization): our 2D simulations are used to show the dependence of the ionization charge states on laser intensities. These results are also consistent with reported observations for intensitydependent ionization/acceleration of carbon ion species for planar targets in Ref. 26 . In addition, we noticed the existence of double-frequency electron bunches resulting from j Â B heating in our simulations, which may lead to regular modulations of the ions. 13 We performed an analysis similar to that in Ref. 13 for the spectrum of protons in Fig. 2(h) to observe the maxima and minima of the modulations; however, no regular pattern of modulations could be observed. Moreover, the model presented in Ref. 13 , originally for regular modulations on single ion species (protons) linked to double-frequency electrons, and requiring a very large temporal parameter, is not found to be consistent with the regular modulations of C 1þ ions in our case. In this context, for thicker targets, owing to the persistence of the electron recirculation phenomenon on longer time scales 27 and the longer response time of C 1þ ions, we propose a link between regular modulations of C 1þ and electron recirculation dynamics. In order to understand the observation of modulations of C 1þ ions in the defocused configuration, we performed 1D3V PIC simulations using the code OSIRIS. 28 Since the laser pulse length (L p ¼ cs p ) in our experiment was $9 lm (FWHM), in the tight-focus case, the focal spot size is very close to the pulse length. Therefore, the laser will cause a strong nonuniform force in the laser-plasma interaction due to a transversely nonflat intensity distribution. However, when the laser is defocused and the area of laser intensity is far larger than the pulse length, the effect of transverse nonuniformity will be removed and the laser-plasma interaction can be treated as quasi-1D. The simulation region was taken to be 120 lm long and to consist of 8000 cells. The total run time was 700T 0 , where T 0 ¼ 3:3 fs. Initially, a cold and uniform target was positioned at 50 lm x 65 lm. The target was considered to be a fully ionized plasma of density n e ¼ 60n c , and the ion species were taken to be C 1þ and protons with equal densities. It is worth mentioning that, based on our 2D simulation results showing the influence of laser intensity on carbon ions, we considered only dominant C 1þ ions with protons. In the simulations, 10 000 macroparticles per cell were allocated to the plasma region. A linearly polarized laser with a 0 ¼ 5 propagated in the positive x direction toward the target. The pulse duration was $30 fs. The laser intensity in the simulations was kept high, in order to simulate the main stage of the interaction qualitatively, without consideration of the prepulse and pre-plasma (and many other effects). Since the contrast of the laser pulses in the experiment was relatively low, for the thicker target the scale length of the pre-plasma might be large enough 29 to significantly enhance the laser absorption. This can increase the electron density, in addition to the increase in density due to oblique incidence. Therefore, we chose the value of a 0 in the 1D simulations such that the maximum proton energy was (d) show the electron energy density distribution, the free-electron density distribution, and the C 4þ and C 5þ density distributions at t ¼ 35T. For a laser amplitude a 0 ¼ 1, (e) and (f) show the corresponding C 1þ and C 2þ density distributions at t ¼ 35T.
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Noaman-ul-Haq et al. Phys. Plasmas 25, 043122 (2018) comparable to the experimental results shown in Fig. 2(h) for the defocused configuration. As ion acceleration in TNSA is due to the sheath field developed as the hot electrons cross the rear side of the target, we observed trajectories of 200 random hot electrons with 1 fs time steps. Tracks for a typical electron are shown in Fig. 4(a) . A clear recirculation of electrons can be seen with our simulation parameters, with five round trips about the 15 lm-thick target. The starting position is near the front surface of the target. The electron momentum decreases in each round trip, indicating deceleration. In addition to spatial variations, the temporal variations in the momentum of the electron are also shown in Fig. 4(b) . The momentum is initially high, but then decreases, with an overall damped oscillatory behavior. Also, from the third track, we can see that the spacing between peaks is increasing, since the decelerating electrons take longer to complete the round trip. This indicates some kind of chirp effect, which is not well fitted with the damped sine function from the fourth round trip, as shown in Fig. 4(b) . However, we believe that this deceleration and chirp effect could be linked with the chirpiness shown in Fig. 2(e) . It is worth mentioning that such effects have also been reported for modulations on protons in Ref. 13 . Since modulations are likely to be an intrinsic property of laserdriven ions, this phenomenon may be attributed to one of their characteristics.
In addition to recirculation, in the simulation, electrons escaping from the rear of the target were also observed (not shown here). The recirculation and escape of electrons indicate a varying density distribution of hot electrons 18 on the rear of the target, which strongly affects the sheath field. Figure 4 (c) shows a typical example of the temporal evolution of the sheath field observed 2 lm from the rear of the target. Similar variations are observed at greater distances. Since the carbon ions can be regarded as tracers giving information about the accelerating field, 3, 30, 31 the results strongly indicate the effect of the modulated sheath field on C 1þ ions in our experiment. Simulated C 1þ and proton energy spectra are shown in Fig. 5 . The presence of modulated peaks is very clear in the C 1þ spectrum. Although the simulation results do not exactly reproduce the experimental results extracted from time-integrated raw data on the detector, they clearly show the modulated peaks in the C 1þ spectrum. In addition, the modulation period (in energy) becomes larger for higherenergy C 1þ ions in the spectrum. As can be seen in Fig. 5(b) , the proton spectrum does not show any prominent modulations. These features are qualitatively consistent with the experimental results shown in Fig. 2(e) and indicate that the recirculation of hot electrons could affect the acceleration of C 1þ ions. The experimental data suggest that modulations are observed in low-charge-state carbon ions (C 1þ ), in addition to the variation of carbon ion species with laser intensity. The dependence of the modulations on the ion species could be related to the sheath field dynamics as described in Refs. 31 and 32. In those works, the spatio-temporal distribution of the sheath field and the acceleration dynamics at the rear side of the target were deduced from the spectra of the carbon ions. Moreover, Hegelich et al. of the sheath field and acceleration time and length of different carbon ion species. For instance, the maximum sheath field for C 1þ ions is two orders of magnitude lower than for highercharge-state ions (C 4þ ), but has a greater acceleration time and length. 32 In the work presented here, it is very likely that these low-charge-state ions are observed particularly in the defocused configuration because the relatively weak sheath field is only sufficient for lower ionization states. In contrast, owing to their greater acceleration time and length, 30 ,32 the modulations in their spectra become more pronounced. As can be seen in Fig. 2(e) , weak modulation features are also seen in C 2þ , but are not as clearly visible as in C 1þ . For higher charge states of carbon ions, the acceleration time and length are shorter (by about two orders of magnitude), 30, 32 and therefore, the modulations are likely to be weak. It is important to note that although the above explanations seem plausible, further detailed simulations are required, incorporating larger focal spot sizes and sheath field ionization effects.
V. CONCLUSIONS
We have presented experimental results on the ionization-dependent acceleration of carbon ion species in the interaction of an intense laser with a solid target. The data clearly shows that acceleration of higher-charge-state carbon ions is evident at higher laser intensity (a tight focus), while in the defocused configuration, the acceleration of C 1þ is dominant, with pronounced periodic modulations at the lower end of the spectrum. Supporting 2D PIC simulations illustrate the interplay of different laser absorption mechanisms with the laser intensity variations at different laser focusing configurations. The observation of modulations of C 1þ ions is explained by 1D PIC simulations, which indicate the role of longitudinal recirculation of the hot electrons in the spatial and temporal evolution of the sheath field. The relatively slow response of C 1þ ions to the varying sheath field results in modulations of the C 1þ spectrum. Moreover, in comparison with previously reported modulations of protons, 13 there is a signature of chirp in the spectral modulations of C 1þ , which could be attributed to deceleration of recirculating hot electrons and the corresponding evolution of the sheath field. These results may be helpful in further studies to provide a dynamical description of the TNSA mechanism, incorporating the role of recirculation dynamics of the hot electrons 17, 18 to completely understand the modulations.
